INTRODUCTION {#s1}
============

Each year, about 30% of the elderly population (aged 65 years and older) experience falls, and 10--12% of those who sustain hip fractures die of complications[@r1]^)^. The accident rate is twice as high in women than in men[@r2]^)^. In the elderly, falls do not only cause trauma but also cause a tendency to develop a fear of falling again, causing those affected to limit their daily activities[@r3]^)^. Falls in the elderly cause soft tissue damage and musculoskeletal fractures, as well as a loss of morale, activity, and, consequently, muscular strength and stability as a result of the reduction in daily activities and movements because of the fear of experiencing another fall[@r4]^)^. For these reasons, various studies are being conducted to improve the quality of life and reduce the social costs, including medical costs, of the elderly by quantifying the dynamic stability of this population[@r1], [@r5], [@r6]^)^.

Elderly persons generally fall when they lose their balance while standing or walking[@r7]^)^. A fall can occur while the elderly are performing very simple actions because the muscular strength of the lower extremities decreases with age, and older persons are more likely to lose their balance when changing positions because of their degenerative changes[@r8]^)^.

Decreased muscular strength of the lower extremities is very closely related to falls, and the prevalence of falls among the elderly who have weak lower-extremity muscles is three to four times higher than in those who have healthy lower-extremity muscles[@r9], [@r10]^)^. Furthermore, the decrease of muscle strength and flexibility in the lower extremity as a result of aging has an effect on stability[@r11]^)^. Therefore, many studies are investigating the threats to stability factors in the elderly, who have decreased balance ability, including during turning, obstacle crossing, stair climbing, and gait termination[@r8], [@r12], [@r13]^)^. These methods are used to evaluate individual motor ability by changing the stable gait patterns in individual subjects by using external stimuli.

Gait termination is commonly used as a scale to assess motor ability, as it changes gait patterns and thereby threatens the stability of the elderly; this is because balance can be maintained without additional steps when the center of gravity is within the base of support of the feet[@r14], [@r15]^)^. In particular, gait termination makes it difficult for the elderly to maintain stability because the braking force increases in the final supporting phase compared with in the normal gait and the elderly have relatively low muscular strength[@r16], [@r17]^)^. However, among various methods that threaten the stability of the elderly, the mechanism for stopping the center of gravity has been relatively less researched than other mechanisms.

To avoid colliding with an unexpected obstacle while walking, a person must either stop moving or make a change in direction. Both options reduce the momentum of the forward-moving center of mass and must be controlled within the base of support in the body. This sudden change of center of gravity reduces stability and can cause a fall to occur[@r18], [@r19]^)^. To stop the center of gravity while walking, the velocity of the center of gravity must be reduced by about 90% in the last step, and the increased load on the joint of the stopping foot requires more activation of the extensors of the lower extremity[@r16]^)^. This type of change requires fast deceleration of the center of gravity in unexpected situations and, therefore, increases the risks of falls and other injuries[@r20]^)^.

However, despite the rapid increase of the elderly population in South Korea, very few studies have investigated gait termination, which can cause a fall event, and most previous studies have required subjects to stop with their feet positioned next to each other. As a result, these studies do not fully explain the gait interruption patterns found in unexpected situations in daily settings, and because they designated a point at which subjects were asked to stop, the subjects could reduce their velocity or prepare to stop after learning the routine in previous of the tasks.

For these reasons, the biomechanical changes and patterns of the lower extremities were analyzed in the study to understand the characteristics of gait termination in the elderly, to examine the difference between elderly and middle-aged subjects, and, finally, to help reduce the prevalence of falls in the elderly through appropriate correction.

SUBJECTS AND METHODS {#s2}
====================

The subjects who participated in the test were 10 elderly women aged 70 years and older (age, 73.1 ± 2.13 years; height, 155 ± 5.06 cm; weight, 61.67 ± 6.19 kg) and 10 middle-aged women aged 40 years and older (age, 44.9 ± 6.12 years, height, 163.50 ± 4.30 cm; weight, 58.52 ± 5.83 kg) who had no orthopedic history in the last 6 months. The study purpose and procedure were explained to all the participants prior to study participation, and all participants signed a consent form. The study protocol was approved by the Institutional Review Board of the University of Sahmyook. To record the stopping motion of the subjects, six infrared cameras (Oqus 1 series, Qualisys, Göteborg, Sweden) were used, with a sampling rate of 100 Hz. One force plate (9260AA, Kistler, Winterthur, Switzerland) was used for measuring the impulsive force while stopping, with a sampling rate of 1,000 Hz, and data were obtained in association with the infrared cameras. To induce natural motions, all subjects were asked to walk sufficiently on a runway before the test without controlling their walking speed. The test was conducted at the speed preferred by the subjects.

Before the test, a standing calibration was performed to measure the anatomical alignment of the subjects.

The subjects were asked to stop walking as quickly as they could when an LED (light-emitting diode) light installed at the front of the runway turned on. To eliminate the learning effect, the points at which the subjects stopped were varied, and attempts to stop walking were randomized. To calculate the kinesiological variables, only the data obtained when stopping with the left foot placed successfully on the force platform were collected and analyzed.

For gait termination, only the data for the termination phase (i.e., from event 1 when the heel of the stopping left foot contacted the force plate until event 2 when the center of gravity completely stopped) was analyzed, considering the nature of the motion for 90% of the center-of-gravity velocity of gait within the final step ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Phase and eventsEvent 1: left heel contact, Event 2: stop, Phase 1: terminaton phase). Excluding unnatural trials in which the subjects took an extra step after failing to stop or seemed to have predicted the stopping point and reduced their walking speed, three trials were analyzed for each subject.

The two-dimensional plane data obtained from the six cameras were converted through nonlinear transformation into three-dimensional coordinates, and the position coordinates were obtained by using Qualisys Track Manager (Qualisys Inc., Göteborg, Sweden).

The raw data were filtered by using a second-order Butterworth bidirectional filter to eliminate errors caused by noise. The obtained data were modeled by using the Visual 3D software (C-motion Inc., Germantown, MD, USA), and the variables were calculated. The data from all of the subjects were based on the average of three trials performed by each subject. To standardize the data, the number of frames for each stage was divided by the duration of the stage.

The kinematic and kinetic data obtained by using Visual 3D were used to construct an ensemble graph to compare the change patterns of different variables, and a paired t-test was performed to verify statistical differences between the two groups. The significance level was set at α = 0.05, and the SPSS 16.0 statistics package was used for statistical analysis.

RESULTS {#s3}
=======

When stopping, the middle-aged group generated a larger maximum ground reaction force in the anterior/posterior and vertical axes than the elderly group ([Table 1](#tbl_001){ref-type="table"}Table 1.Max ground reaction force in termination phase (unit: Nm/kg)Ground reaction force - yGround reaction force - zElderly group−4.5 ± 1.012.0 ± 1.8^\*^Middle-aged group−5.2 ± 0.714.0 ± 1.6^\*^Values are expressed as the mean ± SD. \*significant difference between group at p\<0.05). However, the differences in ground reaction force in the anterior/posterior axes were not statistically significant, unlike in the vertical axis.

Almost no difference was found between the two groups with respect to the initial impulse in the right foot before the termination phase, and the two groups showed the same ground reaction force used for controlling the body in the normal gait ([Fig. 2a](#fig_002){ref-type="fig"}Fig. 2.Variation pattern of grf). However, neither of the two groups showed propulsive force to move the body forward at the end of the termination phase. In the left foot, which was used to stop the body, a large amount of braking force was observed during the initial termination phase, and then it quickly declined in both groups. However, both the amount and the reduction rate of the braking force were larger in the middle-aged group than in the elderly group ([Fig. 2b](#fig_002){ref-type="fig"}).

Concerning the maximum ground reaction force in the right foot, neither group showed a second peak unlike that in the normal gait ([Fig. 2c](#fig_002){ref-type="fig"}), and the elderly group showed a larger ground reaction force in the initial termination phase than the middle-aged group ([Fig. 2d](#fig_002){ref-type="fig"}).

Although the middle-aged group showed larger plantar flexion than the elderly group during the initial termination phase, in the latter part of the termination phase, there was almost no difference between the two groups ([Table 2](#tbl_002){ref-type="table"}Table 2.Kinetic and kinematic variables of ankle (unit: deg., deg/s, Nm/kg)AngleMin_av.MomentEvent 1Event 2Phase 1Phase 1Elderly group17.5 ± 6.23.2 ± 2.8−178.1 ± 37.7^\*^0.9 ± 0.2^\*^Middle-aged group22.0 ± 9.13.2 ± 4.6−308.1 ± 86.6^\*^1.1 ± 0.2^\*^Values are expressed as the mean ± standard deviation. \*significant difference between group at p\<0.05. Min_av: minimum angular velocity). The differences were not statistically significant. The angular velocity of the ankle joints of the middle-aged group was twice as fast as that of the elderly group, and the extension moment of the ankle joints of the middle-aged group was slightly larger than that of the elderly group. The differences were statistically significant.

In the initial termination phase, the plantar flexion angle of the ankle was smaller in the elderly group than in the middle-aged group; however, because of the smaller dorsiflexion angle, the plantar flexion angle throughout the termination phase was lager ([Fig. 3a](#fig_003){ref-type="fig"}Fig. 3.Variation pattern of principle variables in the ankle). Although the two groups showed similar patterns of change in the angular velocity of the ankle, the middle-aged group showed a larger change in angle than the elderly group ([Fig. 3b](#fig_003){ref-type="fig"}). Both groups showed only plantar flexion moment in terms of the change in ankle joint moment, and although a larger amount of plantar flexion moment was found in the middle-aged group during the initial termination phase, there was no difference between the two groups after the 40% point of the termination phase ([Fig. 3c](#fig_003){ref-type="fig"}).

Although, there was almost no difference in knee angle between the two groups during the initial termination phase, when the center of gravity completely stopped, the knee was slightly more bent in the elderly group than in the middle-aged group ([Table 3](#tbl_003){ref-type="table"}Table 3.Kinetic and kinematic variables of knee (unit: deg., deg/s, Nm/kg)AngleMin_av.MomentEvent 1Event 2Phase 1Phase 1Elderly group−4.7 ± 4.8−15.3 ± 8.5−281.0 ± 56.7^\*^0.4 ± 0.3^\*^Middle-aged group−5.6 ± 6.2−11.9 ± 7.7−308.1 ± 86.6^\*^0.9 ± 0.3^\*^Values are expressed as the mean ± SD.\*significant difference between group at p\<0.05. Min_av: minimum angular velocity). The difference between the two groups was not statistically significant.

In the termination phase, the maximum flexion angular velocity of the knee joints was faster in the middle-aged group than in the elderly group, and the extension moment of the knee joints of the middle-aged group was twice as high than that of the elderly group. The differences were statistically significant.

In the termination phase in both groups, the knee angle was rapidly flexed in the beginning and then extended. However, although the knee joint of the middle-aged group was more bent in the initial termination phase and more extended after the 50% point of the termination phase ([Fig. 4a](#fig_004){ref-type="fig"}Fig. 4.Variation pattern of principle variables in the knee), the change in angular velocity for both flexion and extension was larger in this group ([Fig. 4b](#fig_004){ref-type="fig"}). Concerning the change of knee joint moment, both groups showed a slight flexion moment in the initial phase, and the extension moment increased until about the 20% point of the supporting stage before it decreased. There was a substantial difference in extension moment between the two groups ([Fig. 4c](#fig_004){ref-type="fig"}).

Concerning the change in hip joint angles, the hip joints of both groups were bent during the initial termination phase, with the hip joint of the elderly group being slightly more bent than that of the middle-aged group ([Table 4](#tbl_004){ref-type="table"}Table 4.Kinetic and kinematic variables of hip (unit: deg., deg/s, Nm/kg)AngleMin_av.MomentEvent 1Event 2Phase 1Phase 1Elderly group−19.7 ± 4.0^\*^−22.4 ± 6.7^\*^−183.7 ± 69.61.0 ± 0.2Middle-aged group−15.2 ± 3.2^\*^−7.2 ± 5.5^\*^−157.0 ± 53.80.9 ± 0.3Values are expressed as the mean ± SD. \*significant difference between group at p\<0.05. Min_av: minimum angular velocity). The difference was statistically significant. However, when the center of gravity completely stopped, the hip joint of the elderly group was more bent than in the initial termination phase, whereas the hip joint of the middle-aged group was extended. The difference was statistically significant.

Although the maximum flexion angular velocity of the hip joint was larger in the elderly group, the difference was not statistically significant. There was almost no difference in the maximum extension moment between the two groups, and the difference was not statistically significant.

The hip joint of the middle-aged group was bent in the initial termination phase before it became continuously extended, whereas that of the elderly group was bent in the initial phase and then remained bent, maintaining the same angle, throughout the termination phase ([Fig. 5a](#fig_005){ref-type="fig"}Fig. 5.Variation pattern of principle variables in the hip). Both groups showed flexion angular velocity of the hip joint in the initial phase. Later, the middle-aged group showed extension angular velocity, whereas the elderly group did not show any change in angular velocity ([Fig. 5b](#fig_005){ref-type="fig"}).

With respect to the patterns of change in the extension moment of the hip joint, the flexion moment of the middle-aged group, which increased during the initial termination phase, decreased to 20--25% of its initial value before and was then maintained at that level, whereas that of the elderly group gradually increased from the initial termination phase and was then maintained at an increased level until the center of gravity stopped ([Fig. 5c](#fig_005){ref-type="fig"}).

DISCUSSION {#s4}
==========

The rapid increase of ground reaction force in the anterior/posterior and vertical axes in both groups during the termination phase can be explained by the strong pushing against the ground performed by the subjects as they attempted to stop walking unexpectedly. This supports the results of previous studies in which the walking speed was reduced by about 90% in the last step when subjects tried to stop walking unexpectedly[@r17]^)^. This change in position can cause falls in the elderly by making them lose their balance[@r21]^)^. The middle-aged group showed a larger maximum braking force and, subsequently, a larger decrease of the braking force than the elderly group because the younger group had a higher walking speed and response to external stimuli than the older group.

In the termination phase, the elderly group showed a smaller maximum flexion angular velocity of the ankle than the middle-aged group because their plantar flexion angle in the initial phase and the subsequent angle change during dorsiflexion was smaller than those of the middle-aged group. The rapid increase of the extension moment of the ankle during the initial phase can be explained by the large force generated to control the body, and the elderly group generated a smaller extension moment than the middle-aged group possibly because the older subjects had less muscular strength related to extension of the ankles than the younger subjects. The plantar flexion moment of the ankle contributes to supporting the body[@r22]^)^ and is related to the reduction of muscular strength and the stability of the lower extremities[@r10]^)^. Therefore, it is believed that the muscular strength related to flexion and extension of the ankle must be increased to increase the gait stability of the elderly and reduce their fall incidence rate.

The two groups showed similar knee joint angles during the termination phase; however, the joint angle range and maximum flexion and extension angular velocity of the elderly group were smaller than those of the middle-aged group. In particular, the difference in the extension moment of the knee joint between the two groups was more than twofold. To avoid a fall or collision in unexpected situations, the body can be stopped rapidly by effectively using the knee joints and thereby increasing bodily control. Furthermore, to increase the extension moment of the knees, the knee extensor needs to move more actively. However, elderly subjects have a low extension moment of the knee due to aging[@r17], [@r23]^)^.

Concerning the change in hip joint angle, the middle-aged group showed slight flexion in the initial phase and then progressive extension, whereas the elderly group maintained the flexion angle. In particular, the extension moment of the elderly group was observed throughout the termination phase, unlike in the middle-aged group, and except in the early moments of the phase, the extension moment was much larger than that in the middle-aged group. These results are the opposite of the results found in relation to other joints and seemed to be related to the increase of energy consumption in certain joints to compensate for dysfunction in another joint[@r24]^)^.

To stop while walking, the lower extremity making the last step must be extended without further accelerating the body or generating force in the flexion moment of joints. In comparison with the middle-aged group, the elderly group could not effectively use their ankles and knees while attempting to stop the body while walking. To compensate for the inefficiency of the ankle and knee joints, the elderly group used the hip joint more than the middle-aged group. The inefficiency of the ankle and knee joints can be explained by the weakened muscles in the lower extremities due to aging. In summary, decreased muscular strength in the lower extremities is closely related to falls; therefore, it is necessary to increase the muscular strength and flexibility of the lower limbs in order to prevent falls in the elderly. However, the variables that can contribute to falls in the elderly cannot be limited to a particular measure, and therefore, studies like require multilateral assessment and measurements. Future studies will need to include quantitative data related to threats to physical stability of the elderly and investigate muscle activities of the lower extremities on the basis of electromyographic evaluation.
